1. Introduction {#s0005}
===============

Targeted drug delivery is a promising tool that has been used to ensure the accumulation of drugs at desired target in therapeutic concentration and restrict their access to other parts, thus minimizing their toxic effects ([@b0100], [@b0010]). The anticancer agents, for example, can be targeted toward cancerous cells using different strategies based on NPs modified with folic acid (FA) ligands ([@b0080], [@b0065], [@b0125]). Such strategies lead to minimum distribution of the agents at the normal cells and a higher and effective concentration at the targeted cancerous cells. This is due to the fact that many cancerous cells produce folate receptors in a high amount and FA ligands have a good affinity to these receptors ([@b0085], [@b0105]). We have recently prepared a targeted drug delivery system (TDDS) consisting of silica NPs, loaded with a combination of anticancer agents made of (TQ-MLT), then modified with a long diamine polymer (poly (propyleneglycol)bis(2-aminopropyletherdiamine), D4000), carboxymethyl-β-cyclodextrin (CM-β-CD) and folic acid (FA) ligands, respectively ([@b0065]). The efficacy and the in vitro characteristics of this system, which is related to its unique surface modification and its high encapsulation efficiency (more than 80%), have been well investigated by us ([@b0065]). In this work, however, we have prepared three similar systems but with three different lengths of diamine polymers (D230, D400 and D2000) and compared to our original system with D4000, in order to study the effect of polymer length on its in vitro characteristics.

Inorganic nanomatetials, such as silica NPs, exhibit interesting properties related to their nano-scale dimensions that allow their use as targeted drug delivery systems (TDDSs) for cancer treatment ([@b0005]). However, these attractive properties may be lost due to the agglomeration of the NPs which arises from their high surface-to-volume ratio ([@b0005], [@b0015]). It has been speculated that certain compounds such as cyclodextrins (CDs), when conjugated to the surface of NPs, can minimize their agglomeration by improving their steric hindrance ([@b0130], [@b0040]). This property of CD has been exploited to hold FA ligands, via host-guest interaction, as reported in literatures ([@b0065]). Regarding our prepared TDDS, we have already investigated the role of CD on both the agglomeration and the in vitro characteristics of this system ([@b0060]).

To overcome the problem of agglomeration, the surface of different inorganic NPs can also be functionalized with polymer chains ([@b0035]), either chemically (through covalent bonding) or physically (by physical adsorption) ([@b0005], [@b0035], [@b0075]). This polymer modification leads to formation of NPs that are more sterically stabilized than particles modified with shorter alkyl chains ([@b0005]).

Polymers have also other advantages such as improving the intracellular uptake of the NPs and preparing systems which are affected by different external stimuli such as temperature, pH and ionic strength ([@b0050]). Moreover, polymers influence NPs' behavior and properties such as their solubility, biocompatibility and mechanical stability ([@b0035]).

Different types of polymers have been conjugated on the surface of NPs and used as crosslinkers. They may have two terminal chemical groups capable of binding to groups on both the NPs and other molecules ([@b0025], [@b0055]). Herein, the diamine polymers, which were used as cross linkers, have two terminal amine groups that can be conjugated via covalent permanent bonds with both the carboxylic acid functionalized silica NPs and the (CM-β-CD).

To our knowledge, the effect of polymer length on the in vitro characteristics of drug delivery systems (DDSs) based on polymers conjugated to NPs has not been thoroughly studied and thus more research is needed to be done. Our present study, therefore, aims to investigate how the in vitro drug release rate and the toxicity of our previously prepared and novel DDS, toward cancerous cells, will be affected and controlled by the length of the diamine polymer. Understanding the relation will be a guide to predict and choose a suitable polymer length with specific and desired properties.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

FITC-labeled propylcarboxylic acid functionalized silica NPs (particle size 200 nm, pore diameter 4 nm), melatonin (98%), thymoquinone (99%), the four different lengths of poly (propyleneglycol)bis(2-aminopropyletherdiamine, D230, D400, D2000 and D4000) and carboxymethyl-B-cyclodextrin sodium salts (CM-β-CD) were purchased from Sigma Aldrich. Phosphate Buffered Saline (PBS, PH = 7.4) and folic acid (purity \> 98%) were obtained from Bioworld. All reagents and materials used for cell culture experiment were obtained from Sigma Aldrich and used without any modification.

2.2. Preparation of drug loaded FA-CM-β-CD aminated silica NPs {#s0020}
--------------------------------------------------------------

The drug loading step with (TQ-MLT) was performed at the beginning, before the surface modification, with an encapsulation efficiency (% EE) of about 84%, as already demonstrated by us ([@b0065]). The loaded NPs were then equally divided into four different sets which were treated similarly except for the length of the polymer (D230, D400, D2000 and D4000), as shown in [Scheme 1](#f0020){ref-type="fig"}. The procedures for drug loading and synthesis of FA-CM-β-CD aminated silica NPs with diamine polymer (D4000) were presented in our previous work ([@b0065]). The same procedures were performed in this work for all sets but with different polymer lengths.Scheme 1Surface modification of silica NPs with diamine polymers (D230, D400, D2000 and D4000), CM-β-CD and folic acid to form (FA-CM-β-CD aminated silica NPs).

2.3. FTIR and DLS analysis of the modified silica NPs {#s0025}
-----------------------------------------------------

The FTIR spectra of the four types of the modified as well as pure silica NPs were collected within IR range (500--4000 cm^−1^) using WQF-521 fourier transform infrared spectrophotometer. The DLS technique was used to measure the mean particle size (Z-average) and the polydispersity of diluted suspensions, (4.5 × 10^−3^ mg/ml) of NPs in ethanol, using (Zetasizernano series, Malvern U.K). The settings of the instrument were adjusted to have a refractive index (RI) = 1.362 for ethanol and 1.48 for silica NPs and viscosity = 1.20 cp. The suspensions were first sonicated for few minutes and the measurements were performed in triplicates with 6 runs and the average was then calculated.

2.4. In vitro drug release study {#s0030}
--------------------------------

Similar amounts (0.015 g) of each of the four drug loaded and modified NPs were mixed, separately, with 2 ml PBS (pH = 7.4) in a dialysis bag (SnakeSkin Dialysis Tubing, 22 mm × 35 feet dry diameter). Each sample was then added to a beaker containing 23 ml of PBS and shaken at 37 °C*.* Aliquots of 1.5 ml were removed at different time intervals (1, 2, 5, 24, 26, 28 and 30 h) and replaced each time with 1.5 ml of fresh PBS. The absorbance of the released amount of drug in the supernatant was measured via UV--Vis spectroscopy using (Uv/vis spectroscopy spuv-19) at λ~max~ specific for both TQ and MLT (256 nm and 276 nm, respectively). The experiments were performed in triplicate and the cumulative drug release represent the average of these three experiments.

2.5. Antiproliferative (cell viability) assay {#s0035}
---------------------------------------------

HeLa Cells were grown in 96-well tissue culture plates (100 μl/well) at a concentration of about 15,000 cells/well using complete tissue culture medium. The media were removed after 24 h and the attached cells were treated in triplicates with 200 μl of 0.05 mg/ml of five different samples of suspended NPs as well as free drugs combination and incubated for 24 h. The amount of free drugs was equivalent to the amount encapsulated into NPs. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was then performed to measure the cell viability. From each well, 100 μl of culture media was removed and 10 μl of thiazolyl blue tetrazolium solution was added and the plates were then kept in the incubator for 3 h. The reaction was then stopped by adding 100 μl/well of MTT solubilization solution and incubated for another one hour. Absorbance was measured at 550 nm by microplate reader and the cell viability (% survival) was calculated and used to get the percentage of cell toxicity.

3. Results and discussions {#s0040}
==========================

3.1. FTIR and DLS analysis {#s0045}
--------------------------

To study the effect of polymer length on the in vitro characteristics of our previously prepared TDDS, called FA-CM-β-CD aminated silica NPs, four samples of NPs were modified and treated similarly with different polymer lengths (D230, D400, D2000 and D4000) ([Scheme 1](#f0020){ref-type="fig"})**.** The successful attachment of diamine polymer (D4000), CM-β-CD and FA was previously confirmed by us using FTIR ([@b0065]). Since the main difference between the samples in this work is the length of the polymer, we have focused on the peaks specific for this polymer. As we have found before, as well as here, The FTIR spectra of the NPs, after their modification with the damine polymer, showed small distinct peaks at about 2900--2950 cm^−1^ compared to unmodified NPs. These peaks are most likely due to N-H stretching of the amide bond which are shifted here toward lower frequency as a result of the interaction between such modified NPs. As shown in [Fig. 1](#f0005){ref-type="fig"}, the peaks at 2900 cm^−1^ became more intense and a broader peak appeared at about 3300 cm^−1^ as the polymer length increased. The later peak might appear due to increase in the number of functional groups which lead to form more bonds like hydrogen bonds.Fig. 1FTIR spectra of (a) pure (propylcarboxylic acid functionalized silica NPs) and NPs modified with diamine polymers (b) (D230), (c) (D400), (d) (D2000) and (e) (D4000).

This observation was more obvious for D2000 and D4000 compared to D230 and D400 since the difference in the molecular weight is more significant.

In addition to the FTIR, the attachment of diamine polymers was characterized using DLS to measure the mean particle size and the polydispersity of the NPs. As shown in [Table 1](#t0005){ref-type="table"}, the size increased as the polymers' length increased indicating their successful conjugation.Table 1Characterization of the modified NPs with diamine polymers using DLS.Diamine polymerMean particle size (nm) and polydispersity (PD)Pure Silica NPs∼200 nmD230∼236 nm, ∼0.23D400∼272 nm, ∼0.31D2000∼356 nm, ∼0.47D4000∼550 nm, ∼0.55

3.2. In vitro drug release study {#s0050}
--------------------------------

In order to study the effect of polymer length on the release rate of the drugs and to compare the release profiles of the four NPs modified with the diamine polymers (D230, D400, D2000 and D4000), the percentage of cumulative drug release was calculated at different time intervals (after 1, 2, 5, 24, 26, 28 and 30 h).

In general, the release rate increased as the polymer length decreased, as shown in [Fig. 2](#f0010){ref-type="fig"}, which means the rate was in the order D230 \> D400 \> D2000 \> D4000.Fig. 2In vitro drug release of NPs modified with diamine polymers (D230, D400, D2000 and D4000) in PBS (pH 7.4).

The samples were loaded with the same amount of the same drug combination then modified similarly except for the length of the polymer. Thus, the observed difference in the release rate is due mainly to the difference in the polymer length.

It has been shown that the drug release rate from tablet matrix systems was affected by polymer length in which a slower rate was observed with increasing the length ([@b0030], [@b0095]). Even though matrix systems are totally different DDSs compared to NPs, it appears that in our current work the longer the polymer attached to the NPs, the slower the rate will be, as well. According to this, it will be generally accepted to conclude that longer polymers, conjugated to NPs, provide a thick barrier (shield) to both the water and drugs diffusion into and out the NPs, respectively, which is not the case with shorter polymers. As a result, a slower rate of drug release will be observed for these polymers compared to shorter ones.

It was also obvious that NPs with diamine polymers D230 and D400 provided a massive burst release, in which about 80% and 70% of drug was respectively released within the first hour. On the other hand, D2000 and D4000 exhibited a more sustained release in a pulsatile manner, with two moderate drug burst of about 20% of the drug within the first 5 h and after 24 h. This is presumably due to the fact that some drug molecules, which were encapsulated in a high percentage, were adsorbed onto these long polymer chains during preparation steps. In other words, these long polymers were more efficient in hindering the diffusion of water into NPs compared to both D230 and D400, but the higher amount of adsorbed drug resulted in a first drug burst seen within the first five hours. On the other hand, the second burst seen within the last few hours for long polymers might be due to the drug encapsulated in the core of the NPs.

3.3. In vitro cell viability assay {#s0055}
----------------------------------

For cell viability assay, five different suspensions (0.05 mg/ml) of silica NPs as well as free drug combination, were incubated with HeLa cells for 24 h under the same conditions. In general, as shown in [Fig. 3](#f0015){ref-type="fig"}, the percentage of cell toxicity increased as the polymer length increased (D4000 \> D2000 \> D400 ∼ D230) and the free drug effect is slightly greater than D230 and D400. Since efficient NPs internalization into HeLa cells takes only few hours ([@b0045]), then it is likely that in the case of D230 and D400 all the drug was released within the first hour (as shown in [Fig. 2](#f0010){ref-type="fig"}) i.e. before the NPs can enter the cells. The toxicity effect is therefore due mainly to the free drug, which is spontaneously released, and not to its encapsulation into NPs. More importantly, the targeting effect of the NPs was almost lost, because the NPs entering the cells would not release any more drug after 1 h ([Fig. 3](#f0015){ref-type="fig"}). This is in agreement with the results of the toxicity effect of the free drug seen here as well as in our previous work ([@b0065]). The slightly smaller toxicity effect of D230 and D400 compared to the free drug is most likely due to the fact that only 80% and 70% of the drug is released from D230 and D400 NPs and the remaining drug encapsulated in the NPs cannot exhibit any toxic effect to the cells. On the other hand, the greater toxicity effect observed with both D2000 and D4000 is probably due to their slower drug release. As the NPs gradually entered HeLa cells, some drug was released from the NPs inside the cells. In this case, the FA-targeting might be more crucial to deliver the NPs and release the drug inside the cells. It can be concluded that, if the drug release from the DDS is too fast, as for D230 and D400, then such system wouldn't have a time to function as an efficient carrier for the drug. In contrary, the slower release achieved with D2000 and D4000 allows the DDS to be internalized into the cells and then release the drug there. Another factor, which should be considered, is the effect of polymer length on the extent of cellular uptake. It has been speculated that, from similar studies, long polymers associate with and capture folate receptors much better than short polymers ([@b0115]., [@b0135]). However, to further confirm this, the percentage of cellular internalization of these NPs needs to be visualized using microscopy techniques, as an extension of this work, in the near future.Fig. 3The percentage of cell toxicity of silica NPs, modified with four different lengths of diamine polymers, as well as pure NPs and free drugs, toward HeLa cells after incubation for 24 h.

Finding that drug distribution depends on the carrier itself rather than the physicochemical properties of the drug ([@b0020]), different NPs have been constructed to gain different properties and release characteristics to enhance their drug delivery or encapsulation efficiencies ([@b0120], [@b0020]). From this point of view, we have focused on the effect of polymer length on such properties. Depending on our results, we believe that it will be more straightforward to establish TDDSs of anticancer agents with desired proprieties such as release rate patterns and toxicity effects or to predict these properties based on the polymer length used.

Different findings have also demonstrated that NPs therapeutics' efficacy and toxicity in vivo are determined and affected by the NPs' drug release profiles ([@b0110])*,* thus this work deserves a further investigation through in vivo studies, as well, in the future.

4. Conclusions {#s0060}
==============

In summary, we have examined the effect of polymer length on the in vitro characteristics of our previously prepared and investigated TDDS called FA-CM-β-CD aminated silica NPs. Four different lengths of poly (propyleneglycol)bis(2-aminopropyletherdiamine) (D230, D400, D2000 and D4000) were examined here. Using a combination of anticancer agents made of (TQ-MLT) as drug models, we found that the in vitro drug release rate increases as the polymer length decreases mainly within the first few hours. In addition, shorter polymers exhibited a massive burst release, in which most of the drug was released within the first hour. On the other hand, longer polymers showed a sustained release in a pulsatile manner, with two moderate drug burst patterns occurred within the first 5 h and between 24 and 30 h. The results obtained from MTT assay using HeLa cells, showed that the cell toxicity increases with increasing the polymer length. These results confirmed that the targeting effect achieved by longer polymers is more crucial than shorter polymers with respect to their toxicity effect and release rate. However, these findings deserve more work to be done in the future to evaluate the polymers' effects through in vivo studies and to evaluate the effect of polymer length on the extent of cellular uptake.
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